Abstract Multilayered heterostructures based on embedded a-Si:H and a-SiC:H p-i-n filters are analyzed from differential voltage design perspective using short-and long-pass filters. The transfer functions characteristics are presented. A numerical simulation is presented to explain the filtering properties of the photonic devices. Several monochromatic pulsed lights, separately (input channels) or in a polychromatic mixture (multiplexed signal) at different bit rates, illuminated the device. Steady-state optical bias is superimposed from the front and the back side. Results show that depending on the wavelength of the external background and impinging side, the device acts either as a short-or a long-pass band filter or as a band-stop filter. Particular attention is given to the amplification coefficient weights, which allow to take into account the wavelength background effects when a band or frequency needs to be filtered or the gate switch, in which optical active filter gates are used to select and filter input signals to specific output ports in wavelength division multiplexing (WDM) communication systems. This nonlinearity provides the possibility for selective removal or addition of wavelengths. A truth table of an encoder that performs 8-to-1 MUX function exemplifies the optoelectronic conversion.
Introduction
There has been much research on semiconductor devices as elements for optical communication, when a band or frequency needs to be filtered from a wider range of mixed signals [1] . Multilayered structures based on amorphous silicon technology are expected to become reconfigurable to perform wavelength division multiplexing (WDM) optoelectronic logic functions and provide photonic functions such as signal amplification and switching [2, 3] . They will be a solution in WDM technique for information transmission and decoding in the visible range [4] . The basic operating principle is the exploitation of the physical properties of a nonlinear element to perform a logic function, with the potential to be rapidly biasing tuned. Amplification and amplitude change are two key functionality properties outcome of a balanced interaction between frequency and wavelength of the optical signal and background wavelength and placement within a WDM link. Any change in any of these factors will result in filter readjustments. Here, signal variations with and without front and back backgrounds move electric field action up and down in a known time frame. A numerical simulation support new optoelectronic logic architecture.
and allow the subsequent recovery of the information. Here, the manipulation of the magnitude is achieved by changing the wavelength (color channels) of the modulated lights and its frequency under appropriated wavelength backgrounds and impinging sides.
The active device consists of a p-i'(a-SiC:H)-n/p-i(a-Si: H)-n heterostructure with low conductivity doped layers (Fig. 1) . The thicknesses and optical gap of the front í'-(200 nm; 2.1 eV) and back i-(1,000 nm; 1.8 eV) layers are optimized for light absorption in the blue and red ranges, respectively [5] . As a result, both front and back pin structures act as optical filters confining, respectively, the blue and the red optical carriers.
Several monochromatic pulsed lights, separately (λ R,G,B input channels) or in a polychromatic mixture (multiplexed signal) at different bit rates, illuminated the device from the glass side. Steady-state optical bias with different wavelength is superimposed (400-800 nm) from the front or from the back sides and the generated photocurrent measured at −8 V. The device operates within the visible range using as input color channels (data) with the wave square modulated light (external regulation of frequency and intensity) supplied by a red (R, 626 nm; 51 μW/cm 
Numerical Simulation

Input Parameters
In order to understand the light filtering properties of the device, under different electrical and optical bias conditions, a simulation program ASCA-2D [6] was used having as input parameters the experimental data. For the a-SiC:H and a-Si:H absorbers, an optical band gap of 2.1 and 1.8 eV and a thickness of 200 and 1,000 nm were chosen, respectively. The doping level was adjusted in order to obtain approximately the same conductivity of the typical thin film layers [7] .
In Fig. 2 , the simulated spectral sensitivity of the front (pi'-n) and back (p-i-n) diodes are compared with the normalized experimental sensitivity of the individual front and back diodes. A good fit between simulated and experimental results was achieved for the individual optimized diodes. As a result, both front and back pin structures act separately as optical filters confining, respectively, the blue and the red optical carriers to their active absorption areas.
Background Wavelength
Under negative applied voltage, in Fig. 3 , it is reported in the generation rate (a) and the electric field (b) profiles under different front wavelengths backgrounds. Results show that the balance between the electrical field adjustments due to the nonuniform absorption throughout the structure depends on the generation profile at each background wavelength. When an external electrical or optical bias is applied to a double pin structure, its main influence is in the field distribution within the less photo excited sub-cell. In comparison with thermodynamic equilibrium conditions (no background), the electrical field under illumination is lowered in the most absorbing cell (self forward bias effect), while the less absorbing reacts by assuming a reverse bias configuration (self reverse bias effect) [8] . So, the shallow penetration of the blue photons into the front diode, the deep penetration of the red photons exclusively into the back diode, or the decay of the green absorption across both controls the sensor behavior.
Both the front and the back diodes are optically and electrically in series. Under steady-state irradiation, to sustain the current across the device, the current at the less absorbing diode has to be adjusted through an increase of the electrical field and thus it becomes reverse biased. The superposition of a color channel will affect locally this field. Under red background (Fig. 3b) , the blue channel increases the field intensity in the front diode and even reverses it at the internal interface increasing carrier collection. The red and the green channels change the field in an opposite way. Results show that the depth of light penetration within the device depends on both the wavelength of the input channels and background side. Under violet irradiation, the profile is strongly influenced by the choice of the device side for the light incidence. Under front irradiation, the generation in the front diode increases mainly for the long wavelengths channels (green and red) due to the contribution of the background light that generates carriers exclusively in the front diode. Under back irradiation, the generation in the back photodiode increases for short/medium input wavelengths due to the light penetration depth of the violet light across the bottom of the a-Si:H intrinsic layer.
The spectral sensitivity of the device results from the interaction of the electric field under applied optical bias (red, green, blue, and violet) and the transient electric field induced by the input channels (red, green, and blue). This interaction results in electric field lines that guides the photocarrriers generated by the input channels.
In Fig. 5 , the simulated electric field profiles under front and back violet background when the red, green and blue channels are ON and OFF are displayed. Results show that the flow rate of the carriers through those field lines towards the output depends not only on the on/off state of the channels but also on the irradiation side.
The front violet background ( Fig. 4a ) is absorbed at the surface of the front diode, increasing the electric field at the back diode, where the red and part of the green channels generate optical carriers. Under back irradiation, the small absorption depth of the violet photons across the back diode ( Fig. 4b ) quenches the electric field there and enhances it in the front one where the blue and part of the green channels generate the photocarriers. A reversal at the internal interface is also observed leading to different charge accumulation regions under the front and back violet irradiation.
Transfer Function Characteristics
Spectral Sensitivity
The transfer function magnitude (or gain) allows determining the ability of the optical filter to distinguish between signals at different wavelengths. The spectral sensitivity was tested through spectral response measurements under different frequencies, with and without steady-state optical bias applied either from the front or back side. In Fig. 6 , at 500 Hz, the spectral photocurrent (symbols) is displayed under red, green, blue, and violet backgrounds and without it. In Fig. 6a , the steady-state optical bias was applied from the front side and in Fig. 6b from the back side. For comparison the normalized spectral photocurrent for the front, p-i'-n, and the back, p-i-n, photodiodes (dash lines) are superimposed.
Data show that the front and back building blocks, separately, present the typical response of single p-i-n cells with intrinsic layers based on a-SiC:H or a-Si:H materials, respectively. The front diode cuts the wavelengths higher than 550 nm while the back one rejects the ones lower than 500 nm. The overall device presents an enlarged sensitivity when compared with the individual ones.
Under front irradiation, the sensitivity is much higher than under back irradiation. Under front irradiation (Fig. 6a) , the violet background amplifies the spectral sensitivity in the visible range while the blue optical bias only enhances the spectral sensitivity in the long wavelength range (>550 nm) and quenches it in the others. Under red bias, the photocurrent is strongly enhanced at short wavelengths and disappears for wavelengths higher than 550 nm. Under green, the sensitivity is strongly reduced in all the visible spectra. In Fig. 6b , whatever the wavelength of the backgrounds, the back irradiation strongly quenches the sensitivity in the long wavelength range (>550 nm) and enhances the short wavelength range. So, back irradiation tunes the front diode while front irradiation, depending on the wavelength used, tunes the back one.
Optical Bias-Controlled Filters
In Fig. 7 , the spectral gain, defined as the ratio between the spectral photocurrents under red (α R ), green (α G ), blue (α B ), and violet (α V ) illumination and without it, is plotted at 500 and 3,500 Hz. The optical bias is applied from the front side in Fig. 7a and from the back side in Fig. 7b .
Under front bias and red irradiation, the gain is high at short wavelengths and strongly lowers for wavelengths higher than 500 nm, acting as a short-pass filter. Under green background and high frequencies, the device behaves as a band-stop filter that screens out the medium wavelength range (green) enhancing only the photocurrent for wavelengths outside of that range. Under blue and violet light, the device works as a long-pass filter for wavelengths higher than 550 nm, blocking the shorter wavelengths. Back light, whatever the frequency, leads to a short-pass filter performance. Results show that by combining the background wavelengths and the irradiation side the short-, medium-, and long-spectral region can be sequentially tuned. In Fig. 8 , the gains at fixed wavelengths: 470 nm (blue channel), 526 nm (green channel), 624 nm (red channel), under violet front (symbols) and back (lines) backgrounds, are plotted as a function of the frequency. Results show that, whatever the frequency, the device acts as an active long-pass filter under front irradiation and a low-pass filter under back irradiation. No matter what the irradiation side, the blue and green channel gain does not depend on the frequencies, while the red one increases under front illumination and is strongly reduced under back light.
From Figs. 7 and 8, under front bias control, the gain is higher than the unity for the long wavelengths resulting in an amplification of the green and red spectral channels. Back violet irradiation only amplifies the short wavelength range (blue channel) and quenches the others.
Encoder and Decoder Device
Violet Background-Controllable Wavelength Selective Optical Switching
To analyze the device under information-modulated wave and uniform irradiation, three monochromatic pulsed lights separately (red, green and blue input channels, Fig. 9a ) or combined (multiplexed signal, Fig. 9b ) illuminated the device at 6,000 bps. Steady-state violet optical bias was superimposed separately from the front (solid lines, pin 1 ) and the back (dash lines, pin 2 ) sides and the photocurrent generated measured at −8 V.
The transient signals were normalized to their values without background in Fig. 9a . In Fig. 9b , the normalized multiplexed signal under front (symbols) and back (lines) violet irradiation is displayed. On the top of the figure, the signals used to drive the input channels are shown to guide the eyes into the ON/OFF channel states.
Even under transient conditions, the front background presents a nonlinear dependence on the wavelength. It enhances mainly the light-to-dark sensitivity in the medium-long wavelength ranges. Violet radiation is absorbed at the top of the front diode, increasing the electric field at the least absorbing cell (see Fig. 5 ), the back diode. So the collection is strongly enhanced (α Gpin1 V 02.2, α Rpin1 V 03.1) while the blue collection stays near its dark value (α Bpin1 V 01.1). Under back irradiation, the small absorption depth of the violet photons across the back diode quenches the electric field, and so, the red collection almost disappears (α Rpin2 V 00.2). Blue channel is absorbed across the front diode where the electric field is enhanced resulting in an increase collection of the blue channel (α Bpin1 V 01.6). Since the green channel is absorbed across front and back diodes, its collection is balanced by the increased collection in the front diode and its reduction at the back one (α Gpin2 V 00.7).
Optoelectronic Conversion
For an optoelectronic digital capture system, optoelectronic conversion is the relationship between the optical input levels and the corresponding digital output levels. We use an 8-bit priority encoder as an example to illustrate how a logic function is mapped onto the proposed directed-logic circuit. An encoder has a number of inputs, only one of which is in the 1 state, and an N-bit code is generated, depending upon which of the inputs is excited. The truth tables of both encoders of Fig. 9 that perform 8-to-1 MUX function are also shown in Fig. 10 . In the inputs (x 0 ….x 7 ), the index of each bit is related to the first (highest) nonzero logic input. Here, the MUX device selects, through the violet background, one of the eight input logic signals and sends it to the output (y0x S ). The output is a 3-bit [S 2 S 1 S 0 ] binary RGB number that may identify one of eight possible inputs.
To understand this mapping, in Fig. 9 , for the input x 7 and output S 2 , the first nonzero logic input is 7 (2 2 +2 1 +2 0 ), which corresponds an output [111] . Those OR gates are expressed, respectively, as S 2 0x 7 +x 6 +x 5 +x 4 under front irradiation (Fig. 10a) and S 2 0x 7 +x 3 +x 5 +x 1 under back light (Fig. 10b) .
Violet irradiation is applied from the front (pin 1 ; α Rpin1 V >>1, α Gpin1 V >1, and α Bpin V ∼1) and back (pin 2 ; α Rpin2 V <<1, α Gpin2 V <1, and α Bpin2 V >1) sides (see Figs. 8  and 9a ). Under front irradiation (Fig. 9b) , the 2 3 levels can be grouped into two main classes due to the high amplification of the red channel. The upper four levels are ascribed to the presence of the red channel ON, and the lower four to its absence, allowing the red channel decoder (4-to-1 multiplexer; long-pass filter function). Since under front irradiation, the green channel is amplified, the two highest levels, in both classes, are ascribed to the presence of the green channel and the two lower ones to its lack.
Under back irradiation, the blue channel is enhanced; the green reduced and the red almost suppressed. The encoded multiplexed signal has the eight sublevels grouped also into two main levels, the higher where the blue channel is ON and the lower where it is OFF (4-to-1 multiplexer; shortpass filter function). In each main level, the four existent Fig. 11 MUX signal under front and back irradiation. On the top, the DEMUX signals obtained using the decoder algorithm is displayed as well as the binary bit sequences sublevels are grouped in two classes, with and without the channel green ON. Each of those sublevels split into two near ones, attributed to the presence or absence of the red channel. If we consider this red output bit "not significant," only four separate levels (2 2 ) are considered and the logic MUX function is converted into a logic filter function. The blue channel is then decoded.
Like regular binary numbers, the binary RGB code is an arithmetic code and so it is weighted, i.e., there is specific weights assigned to each bit position. Under front violet irradiation, the most significant digit, the left most bit, in the RGB code is the red (α Rpin1 V >>1). Going from the left to right, the next is the green (α Gpin1 V >1) and the last is the blue (α Bpin1 V ∼1). Under back violet irradiation, the left most bit is the blue. Going from the left to right, the next is the green and last the red. So, the correspondence between the outputs S 2 , S 1 , and S 0 , in Fig. 10 , and the on/off state of the input channels S R , S G , and S B in Fig. 9 is obvious.
We have used this simple algorithm to decode the multiplex signal. The results are displayed in Fig. 11 for two different bit sequences. An excellent fit was obtained.
Results show that the pi'npin multilayered structure becomes reconfigurable under front and back irradiation. They perform WDM optoelectronic logic functions providing photonic functions such as signal amplification, filtering, and switching. So, by means of optical control applied to the front or back diodes, the photonic function is modified from a long-to a short-pass filter, giving a step reconfiguration of the device.
Conclusions
Tandem a-SiC:H pi'n/pin active filters are analyzed under different front and back optical bias wavelengths and frequencies. Results show that the output waveform presents a nonlinear amplitude-dependent response to the wavelengths of the input channels. Under controlled wavelength backgrounds, the light-to-dark sensitivity can be enhanced in a specific wavelength range and quenched in the others, tuning a specific band. Depending on the wavelength of the external background, the device acts either as a short-or a long-pass band filter or as a band-stop filter.
An optoelectronic numerical simulation supports the experimental data and gives insight into the physics of the device. A truth table of an encoder that performs 8-to-1 multiplexer (MUX) function is presented.
